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To address the mechanisms of host–virus adaptation and pathogenesis of lentiviral infections, we compared the evolution
of the same isolate of simian immunodeficiency virus (SIVsmm9) in two different situations: nonpathogenic infection of its
natural host, the sooty mangabey, and AIDS-inducing infection of a new host, the rhesus macaque. Samples were obtained
at 6, 12, and 23 or 30 months postinfection from three animals of each species. Sequences were derived from the V1 and
V2 domains of the surface glycoprotein. In the macaques, we observed specific variations absent from all mangabey
samples, indicating that different host species select different virus variants. In the macaques, we also observed a different
shape in the phylogenetic tree, a lower divergence of sibling sequences, and a lower synonymous/nonsynonymous change
ratio than in the mangabeys. This suggests that the viral population is larger and submitted to weaker selection pressures
when host–virus adaptation is achieved, such as in the mangabey. © 1998 Academic Press
INTRODUCTION
In contrast to the induction of the acquired immuno-
deficiency syndrome (AIDS) by the human immunodefi-
ciency viruses (HIV-1 and -2), natural infections of non-
human primates by simian immunodeficiency viruses
(SIV), which has been documented in both feral and
captive monkeys, are nonpathogenic. Viral factors under-
lying this difference of pathogenicity are not obvious, as
SIV shares most of the known virological and genetic
properties of HIV, including tropism, genome organiza-
tion, and homologous accessory genes. Indeed, despite
the absence of pathogenicity in their natural host, SIV
isolated from sooty mangabey monkeys (SIVsmm) cause
AIDS when transmitted to a new host such as rhesus or
pig-tailed macaques (Macaca mulatta or M. nemestrina).
Interestingly, macaques of Asian origin are not infected
by SIV in their natural habitat. Pathogenic SIV strains
isolated from macaques in primate centers (SIVmac)
probably originated from SIVsmm as the result of cross-
species transmission (Desrosiers, 1990). These observa-
tions suggested that the lack of virulence in natural SIV
infections is the result of host–virus adaptation. While
most studies have focused on the identification of muta-
tions (changes in viral nucleic acid or amino acid se-
quences) that initiate the pathogenic process, the mech-
anisms responsible for host–virus adaptation or the host
factors explaining the different pathogenic conse-
quences of infection remain unknown. Understanding
adaptation mechanisms may be critical in comprehend-
ing the pathogenicity of HIV in humans.
We wanted to test the existence of differences in selec-
tion exerted on the viral population depending on the host
species. It is already known that in infected macaques, the
SIV env gene undergoes important changes (nucleotide
substitutions or small insertions and deletions) during pro-
gression toward AIDS (Almond et al., 1993; Burns and
Desrosiers, 1991; Campbell and Hirsch, 1994; Chackerian
et al., 1994; Johnson et al., 1991; Johnson and Hirsch, 1992;
Kodama et al., 1993; Luciw et al., 1992; Overbaugh et al.,
1991). It is not known whether similar changes occur in
infected sooty mangabeys. Here we compare sequence
variations of SIV from a sooty mangabey (SIVsmm9) occur-
ring in vivo during a 3-year period after inoculation of the
natural host (three mangabeys) or the new host (three
macaques). The amplified region was a 600-bp segment
encompassing the first and second hypervariable regions
(V1 and V2) of the external envelope glycoprotein for one
macaque and one mangabey and the V1 region for two
macaques and two mangabeys. Short insertions in the V1
domain of gp120 were observed in all macaque samples.
Although all animals were inoculated with the same isolate,
such changes were not observed in mangabey samples.
Other parameters measuring viral evolution also differed
between the two host species.
RESULTS
DNA samples were available from circulating PBMC
covering a 3-year follow-up period for six animals (three
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macaques and three mangabeys) infected with the same
isolate of SIV (SIVsmm9). We have analyzed viral se-
quences after amplification from these samples and
cloning into M13. Proviral DNA in PBMC does not exactly
reflect the short-term time course of viral RNA evolution.
However, we assumed that it could be used for medium-
term evolution analysis and interindividual comparisons
(Delwart et al., 1995). No infectious molecular clone of
SIVsmm9 was available to prepare the inoculum. How-
ever, the diversity of the SIVsmm9 strain was previously
characterized in detail (Courgnaud et al., 1992). The am-
plified env region included variable regions V1 and V2
and adjacent conserved sequences. This region was
chosen because it contained specific changes that dis-
tinguished SIVsmm9 from its virulent variant SIVsmmPBj14
(Courgnaud et al., 1992; Tao and Fultz, 1995). In addition,
this part of env was shown to undergo variations (nucle-
otide substitutions or small insertions and deletions)
during progression toward AIDS in macaques inoculated
with other SIV strains (Almond et al., 1993; Burns and
Desrosiers, 1991; Campbell and Hirsch, 1994; Chackerian
et al., 1994; Johnson et al., 1991; Johnson and Hirsch,
1992; Kodama et al., 1993; Luciw et al., 1992; Overbaugh
et al., 1991). Previous experiments were not designed to
compare SIV evolution in different host species. From
available data, it was difficult to compare, for example,
evolution of V1 between macaques and mangabeys: the
animals were inoculated with different SIV strains, that
already are highly divergent in this hypervariable region
(Myers et al., 1993).
In six monkeys we analyzed sequences taken at se-
quential times after infection to compare the progression
of genetic variations over time between the two monkeys
species. We have analyzed 10 clones at each time point
for MAC1 and MANG1 covering V1–V2 and 6 clones at
one time point for MAC2, MAC3, MANG2, and MANG3,
covering V1. Nucleotide sequences were derived from a
total of 60 clones representing V1–V2 and 24 clones
representing V1.
Nucleotide and amino acid sequence divergence
Sequences from the three macaques and the three
mangabeys were closely related to each other. All env
gene sequences analyzed contained intact open reading
frames, except for one sequence from a mangabey at 30
months p.i. (clone 9-9). Hereafter, sequence divergence
between two sets of samples is expressed as the mean
nucleotide distance of all pairwise comparisons be-
tween the sequences from each set.
When comparing 6 and 12 months p.i., the mean nu-
cleotide divergence was 3.2% (2.5–4.35%) within manga-
bey sequences and 2.35% (1.95–2.92%) within macaques
sequences. Between 12 and 30 months p.i. the mean
nucleotide divergence was 4.4% (3.9–5.1%) within
mangabey sequences and 2.5% (0.5–4.50%) within ma-
caque sequences. When the nucleotide sequences of all
clones were compared with one clone taken from the
original isolate (SIVsmm9) we observed a divergence of
3.73% for mangabeys and 2.9% for macaques.
Thus, the observed mutation fixation rate (4–12 1022
per site per year) is similar to previously measured rates
for SIV or HIV-1 (Balfe et al., 1990; Burns and Desrosiers,
1991; Johnson et al., 1991; Kodama et al., 1993; Over-
baugh et al., 1991; Pelletier et al., 1995). Such a fixation
rate indicates continuous virus replication during non-
pathogenic infection of mangabeys, as reported for
pathogenic HIV-1 infections (Ho et al., 1995; Wei et al.,
1995). Similar fixation rates were measured during non-
pathogenic infection of African green monkeys, leading
to the same interpretation (Mu¨ller-Trutwin et al., 1996). It
seems that this fixation rate is lower for the macaque
samples than for the mangabey samples. This is also
observed in the general shape of derived phylogenetic
trees (see below and Fig. 3).
Existence of species-specific amino acid ‘‘signatures’’
The positions of amino acid changes within V1–V2 in
macaque samples were not distributed at random. Align-
ment of the deduced amino acid sequences from the
macaque samples showed some remarkable character-
istics (Figs. 1 and 2). The most dramatic variation was in
V1, where all the clones had an insertion of 15 or 18
nucleotides (addition of threonine residues). This inser-
tion is closely related to adjacent sequences, suggesting
that motif duplication occurred, and was already de-
tected 6 months after inoculation. This insertion created
a motif TTTAQ or TTTTQ. This accumulation of threonine
residues led to formation of potential targets for O-linked
glycosylation (Overbaugh and Rudensey, 1992). At posi-
tions 155 and 156 (positions in SIVsmm9), we always
observed different residues in macaques (KI; in one case
RN) than in mangabeys (RS or KS or TS). Accordingly, the
variations observed in macaques are present in the
pathogenic isolate SIVsmmPBj14 (which was isolated
from a pig-tailed macaque), whereas those observed in
mangabeys correspond to those of the original SIVsmm9
isolate (which was isolated from a mangabey).
The evolution of sequences is different in the two
species
Phylogenetic analyses were performed with V1-V2 se-
quences obtained from animals MAC1 and MANG1 at
different times after infection (Fig. 3). Unrooted phyloge-
netic trees generated from nucleic acid sequences by
means of the neighbor-joining method are shown in Fig.
3A. We observed that the mangabey and the macaque
sequences formed two separate clusters. In addition, the
pattern was different between the two animals: the
mangabey sequences formed three distinct subgroups
that contained sequences taken at the same time p.i. For
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the macaque samples, we did not observe subgroups
corresponding to the time of sampling. The phylogenetic
tree based on amino acid sequences and the neighbor-
joining method showed the same difference between
mangabeys and macaques (Fig. 3B). In addition, ma-
caque amino acid sequences formed a ‘‘cactus-like’’ tree,
FIG. 1. Amino acid sequences from the injected isolate SIVsmm9 are shown on the top line in single-letter amino acid code. Below are indicated
the amino acid sequences from the PBj14 isolate (Courgnaud et al., 1992). Above the sequence, the number corresponding to the amino acid position
in SIVsmm9 gp120 is indicated. Only amino acids that differ from the parental SIVsmm9 are shown below; dots indicate no change in amino acid.
A dash indicates a deletion and an asterisk denotes a stop codon. (A–F) The predicted amino acid sequences of clones from PBMCs of the three
macaques (RTi, RRm-1, N926) and the three mangabeys (Fwi, Fjh, Fvh) at different times after infection (6, 12, and 30 months). The number of clones
with identical sequences are given at the end of the sequence.
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with fewer branches than mangabey sequences (Figs.
3B and 3D). The bootstrap analysis confirmed the overall
structure of the tree: minor differences were seen in the
cluster containing sequences isolated from the manga-
bey at 6 months p.i., although the variations concerned
only the relative positions within this set (Figs. 3C and
3D). When the phylogenetic tree was constructed ac-
cording to Fitch (Fitch and Margoliash, 1967), we also
observed that mangabey and macaque sequences
formed two separate clusters (data not shown). Similarly,
mangabey sequences clustered according to time of
isolation, whereas macaque sequences did not. We con-
firmed the different tree pattern and clustering of se-
quences between the two species by including the V1
sequences from the other four animals (data not shown).
Nonsynonymous and synonymous substitutions
The ratios of frequency of synonymous over frequency
of nonsynonymous changes (Ks/Ka) were calculated for
all sample sets in mangabeys and in macaques (Table
1). Results obtained in macaque samples ranged from
0.7 to 1.2. At 6 and 12 months p.i. in the mangabey
samples, the calculated Ks/Ka (1.38–2.12) are higher than
those in macaque samples. This could reflect lower
immune pressure and better adaptation of the virus in its
natural host: the virus being already optimized to the
natural host environment, selection would be conserva-
tive (Shpaer and Mullins, 1993). In contrast, the Ks/Ka
calculated in late mangabey samples taken at 30 months
p.i. are lower (0.4–1.36), which could be due to the accu-
mulation of defective DNA copies in PBMC, as docu-
mented in HIV-1 (Ho et al., 1995; Wei et al., 1995). This
hypothesis is supported by the detection of an in-frame
stop codon in the late mangabey samples, whereas such
stop codons were not observed in the earlier samples.
Alternatively, it could correspond to an increase in im-
mune selection, for example through late appearance of
neutralizing antibodies. Low Ks/Ka values (0.35) have
also been obtained in HIV-1 infected slow progressor
patients (Lukashov et al., 1995). However, it is difficult to
FIG. 2. Amino acid sequence alignment of the V1V2 regions of SIVsmm for MAC1 (RTi) and MANG1 (Fwi) at three time points p.i., 6, 12, and 30
months. The V1–V2 regions of SIVsmm9 and SIVsmmPBj14 are indicated at the top, with the V1 and V2 domains noted (Courgnaud et al., 1992).
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establish valid comparisons with Ks/Ka ratios observed
in other experiments, as the selection constraints are
known to vary for different proteins or protein domains.
DISCUSSION
We wished here to approach the problem of host–virus
adaptation. Comparative analysis of sequences obtained
from macaques and mangabeys inoculated with the
same isolate of SIV demonstrated that the selective pres-
sures acting on the virus are a function of the host
species. In addition, typical sequence variations of the
acutely pathogenic variant SIVsmmPBj14, isolated from a
macaque, were reproducibly observed in macaques,
whereas they were absent from all mangabey samples.
This suggests that evolution of virulence of SIVsmmPBj14
from nonpathogenic to lethal was not determined by
random mutation and also needed host-dependent se-
lection. This illustrates interaction of host factors and
viral factors: host factors affecting pathogenicity may act
indirectly by selecting viruses with different pathogenic
properties.
We observed that many parameters of SIVsmm evolu-
tion differed when comparing infection of mangabeys
and macaques. In the macaque, we observed a lower
divergence of sibling nucleotide sequences, a lower
Ks/Ka ratio at early times p.i., indicating a higher selec-
tion pressure for change, and a different shape of phy-
logenetic trees. Especially in the tree derived from pro-
tein sequences (Figs. 3B and 3D), we observed fewer
branches and no clustering of sequences taken at the
same time p.i. The interpretation of these data in terms of
host–virus adaptation is not easy. Interestingly, these
differences are reminiscent of those observed when
comparing the evolution of influenza A virus between
avian and mammalian host populations (mangabey re-
sembling the avian and macaque the mammalian host)
(Bean et al., 1992; Fitch et al., 1991; Saito et al., 1993).
Generally speaking, virus adaptation to its host sup-
poses that the virus replicates as efficiently as possible
in individual hosts and remains endemic in the host
population. Accordingly, the sequence analyses and
shapes of the trees in Fig. 3 are consistent with the
FIG. 2—Continued
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hypothesis of a weaker selection and a larger virus
population size in the adapted situation (mangabey) than
in the new host. However, the idea that asymptomatic
natural infections establish larger virus populations than
pathogenic infections might appear paradoxical. Indeed,
when comparing human patients, high HIV-1 load corre-
lates with disease (Jurriaans et al., 1994; Piatak et al.,
1993). In primate models, symptoms of AIDS also corre-
late with high viral load (Hirsch et al., 1995; Rudensey et
al., 1995). It is important to note that these virus load
elevations coincide with immunodeficiency. They are
possible consequences of a lower immune selection
pressure at the late stage of infection. To provide support
for the hypothesis of a higher virus load in natural host
infections than in new host infections, it would be nec-
essary to compare virus load between macaques and
mangabeys at early times postinfection. Such compara-
tive data are not available at present.
The presence of similar sequence variations, including
insertions in the V1 region of env, in all samples from three
different macaques may be compared to the fixation of
identical drug resistance mutations in independent patients
treated with the same anti-viral drug. According to the
Darwinian theory of evolution, such mutations must preex-
ist at a low frequency in the viral population before the
occurrence of the selective constraint (Coffin, 1995). Indeed,
the frequency of variants bearing an insertion in V1 was low
in the inoculum: they were not detected in previous analysis
of the inoculum strain SIVsmm9 in cell culture (Courgnaud
et al., 1992), nor in sequences taken at early times after
inoculation of SIVsmm9 in vivo (Tao and Fultz, 1995). Thus,
we can propose that their observation in macaque samples
only is due to selection: genomes bearing these variations
are more favored in the macaque, where they were easily
detected, than in the mangabey, where they were not.
Diverse mechanisms could provide a selective advan-
tage to viruses bearing these variations in the macaque.
It was previously proposed that insertions in the V1
domain create additional glycosylation sites (both N- and
O-linked) that might allow a more efficient immunological
escape or interaction with target cells and could also
increase cell–cell recognition and play a role in syncy-
tium formation in infected lymphocytes (Overbaugh and
Rudensey, 1992). In the same sense, Tao and Fultz (1995)
showed that most phenotypic modifications observed in
SIVsmmPBj14 are typical of rapidly growing, syncytium-
inducing strains, generally designated SI (Connor et al.,
1993; Tersmette et al., 1989). We also observed that
chimeric viruses derived from attenuated SIVmac251 and
carrying V1 Env from SIVsmmPBj14 show a rapid kinetics
of infection in cell culture (V. Courgnaud, unpublished).
Thus, the presence of specific variations in the macaque
might result from the existence in the new host of con-
ditions similar to those prevailing in human AIDS pa-
tients, favoring rapid SI isolates (Connor et al., 1993;
Tersmette et al., 1989); reviewed in Coffin (1995). In con-
trast, the expansion of such variants might be counters-
elected in the mangabey. This explains the absence of
spontaneous acute disease in the mangabey colony and
its experimental induction by injection of a virus stock
expanded in another host or in cell culture. Selection for
SI variants in humans patients is known to vary and
probably reflect differences in immunological status. In-
deed, differences in immune response against SIV have
been documented between macaques and mangabeys.
Noncytotoxic control of viral replication was observed in
the mangabey, whereas other effectors such as cytotoxic
T-lymphocytes seemed deficient (reviewed in Villinger et
al., 1996). In the macaque, the immune response could
be more efficient for virus elimination but also for de-
struction of infected tissues.
To explain those differences from an immunoevolu-
tionary point of view, we might speculate that, as a result
of virus–host adaptation, some viral epitopes achieve
FIG. 3. Phylogenetic trees of SIVsmm derived from DNA sequences of partial env gene (V1–V2 region) from MAC1 and MANG1. Sites at which there
was a gap in any of the aligned sequences were not used to calculate distances. Phylogenetic relationships were computed from these distances
by the neighbor-joining method. The significance of the branching order was estimated by the bootstrap method. (A and C) Based on nucleic acid
sequences; (B and D) based on amino acid sequences; (C and D) after bootstrap analysis (100 resampling). The numbers at nodes indicate
percentage of grouping found in at least 75 of 100 neighbor-joining bootstrap repetitions. Closed symbols indicate sequences from mangabey and
open symbols indicate sequences from macaques. (h) 6 months p.i., () 12 months p.i., and (E) 30 months p.i. Sequences from the original SIVsmm9
isolate and the lethal variant SIVPBj14 are from Courgnaud et al. (1992).
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Frequency of Synonymous (Ks) and Nonsynonymous Substitutions
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a In bold: ratios Ks/Ka.
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molecular mimicry and behave like autoantigens in the
natural host. In this case, the intensity of the antiviral
immune response might depend on the amount of anti-
gen produced and the presence of local signals induced
by cellular lysis (Zinkernagel, 1996). This would allow
efficient counterselection of highly replicative or lytic
variants, such as SIVsmmPBj14 in the mangabey, without
destruction of tissue infected with slowly replicative or
noncytolytic variants. As a result, the latter would pre-
dominate in the viral population, as observed in the
mangabey. In contrast, the new host might develop an
antigen-specific response associated with tissue de-
struction, whatever the local level of production of viral
antigens or the cellular consequences of virus replica-
tion. In these conditions, the more rapid isolates would
predominate, explaining the selection of different iso-
lates in the macaque. Such a conception of the anti-viral
immune response and its virological consequences is
currently being explored (Zinkernagel, 1996).
MATERIALS AND METHODS
Animals
The rhesus macaques and sooty mangabeys used in
this study were housed at the Yerkes Regional Primate
Research Center. All animals were maintained according
to the guidelines of the Committee on the Care and Use
of Laboratory Animals of the Institute of Laboratory Ani-
mal Resources, National Research Council, and the HHS
guidelines, ‘‘Guide for the Care and Use of Laboratory
Animals.’’
Animal inoculations
The SIVsmm9 isolate (Fultz et al., 1986) was cultivated
on human PBLs stimulated with PHA/IL2 before inocu-
lation into three rhesus macaques MAC1 (RTi), MAC2
(RRm-1), and MAC3 (N926) and three sooty mangabeys
MANG1 (Fwi), MANG2 (Fjh), and MANG3 (Fvh) intrave-
nously with 104 tissue culture infectious doses (TCID50).
The inoculated strain was passaged on human cells,
which may cause some selection. However, this strain
was genetically characterized in detail (Courgnaud et al.,
1992) and may be used for our comparative evolution
studies, given the fact that all animals received the same
inoculum. PBMCs from macaques and mangabeys were
isolated at different times after inoculation (6, 12, and 30
months or at necropsy). All mangabeys were healthy at
30 months postinoculation (p.i.). One macaque died at 23
month p.i. (RTi) and the other two (N926, RRm-1) subse-
quently developed AIDS and died.
PCR amplification, molecular cloning, and sequencing
Total cellular genomic DNA was extracted from ma-
caque and mangabey PBMCs by standard methods as
previously described (Courgnaud et al., 1992). Viral DNA
sequences spanning Env SUgp120 were amplified with
the following set of outer primers: 120 ENV1, 59-TCAAAC-
GAGTAAGTATG (6053 to 6066), and 120 ENV2, 59-GGC-
CTAGCCAATTGGAGT (7590 to 7607 in EMBL Accession
No. M80194). For the nested PCR, the inner primers were
located in the highly conserved region which flanks
V1–V2 (Courgnaud et al., 1992) or within the P1P2 PCR
products: P01, 59-AACCTCTTTGAACATTAAG (6336 to
6359), and P02, 59-AACCCTGTCATGTTAAATTTAC (6571
to 6592).
Genomic DNA (1 mg) was added to PCR mixes con-
taining 2 mM MgCl2, 40 nmol of dNTPs, 20 pmol of each
primer, and 1 U of Taq polymerase (Perkin–Elmer Cetus).
PCR amplification was performed with an automated
DNA thermal cycler (GeneAmp PCR system 9600) for 38
cycles with the following cycle profile: denaturation at
94°C for 30 s, annealing at 37°C for 30 s, and extension
at 72°C for 1 min. Amplification was completed by a final
extension at 72°C for 10 min. Then, 1/10 or 1/20 of the
first PCR was used as template in a second round of
amplification for 35 cycles (annealing at 55°C, extension
for 30 s at 72°C) with inner primers. Reagent controls,
DNA from uninfected cells, and controls for the first
round were included. To control for PCR-induced muta-
tions, two independent amplifications were performed
with each sample. Amplified products were visualized by
ethidium bromide staining. Phosphorylated PCR prod-
ucts were purified from low-melting agarose gels and
blunt-end ligated into a M13mp18/SmaI bacteriophage
vector. The single-stranded DNA from recombinant
phages was sequenced by using dideoxynucleotides
with T7 DNA polymerase (Sequenase version 2.0 Kit,
U. S. Biochemicals) primed by specific internal se-
quences or universal primer.
Sequence analysis and phylogenetic trees
Sequences were aligned by using the Clustal V pro-
gram (Higgins and Sharp, 1989). The synonymous and
nonsynonymous substitutions (Ks and Ka, respectively)
were calculated by the method of Nei and Gojobori
(1986). The phylogenetic analysis program used, the
neighbor-joining method, was taken from the PHYLIP
package, version 3.2 (Felsenstein, 1989). Distances be-
tween each pair of sequences were estimated using the
program DNADIST. In order to assess the reliability of the
major groupings observed in the analysis of the full data
set, further phylogenetic analysis was performed on the
V1–V2 sequences using the neighbor-joining clustering
method with bootstrap resampling (100 cycles; programs
SEQBOOT, DNADIST, NEIGHBOR, and CONSENSE). A
distance matrix-based phylogenetic analysis was also
carried out on the amino acid sequences (PHYLIP pro-
grams PROTDIST and NEIGHBOR). The trees were plot-
ted using the DRAWTREE program from the PHYLIP
package.
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